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Detailed studies of four granite plutons, two in southern Finland and two in southwestern New Mexico,
indicate considerable petrologic variation for and bring new insights into the petrogenesis of the mid-
Proterozoic A-type granites. The rapakivi plutons of Bodom and Obbnäs are the westernmost intrusions of
the classic rapakivi area of southeastern Finland and show, despite their close proximity and temporal
association, geochemical (including isotopic) differences indicative of different sources. The Bodom pluton
comprises a series of porphyritic granites (hornblende-, hornblende-biotite, and biotite-granite) and an
even-grained biotite-hornblende granite; the Obbnäs pluton is composed of porphyritic hornblende-biotite
granite intermingled with minor even-grained granodiorite. The granites of both plutons are aluminous A-
type, but the Obbnäs granite exhibits higher average TiO2, CaO, MgO, P2O5, Ba, and Sr and lower FeO*/
(FeO*+MgO), K2O, Rb, and Nb than the Bodom granites. Mineral chemistry implies that the plutons were
crystallized at ~ 900 to 800 ºC and ~ 2.7 to 5.0 kbar under low fO2. The two plutons have slightly different
initial Nd isotope compositions (and possibly also different initial Sr isotopes) indicating a slightly older
overall source for the Obbnäs pluton. Two sets of diabase dikes (Kopparnäs and Vihti) are associated with
the plutons; the dikes at Kopparnäs may be part of a different (high-Nb, high-Ti) magma type that
compositionally approaches ocean island basalt, and are thus different from the typically tholeiitic rapakivi-
associated mafic dikes. Quantitative modeling indicates that the Obbnäs pluton probably originated by
partial melting of a ferrodioritic/ferromonzo-dioritic source, with contribution from a mafic melt similar in
composition to the associated diabases; partial melt from a tonalitic source possibly influenced the evolution
of the granite. A more alkali feldspar –rich (granodioritic) source is required for the granites of the Bodom
pluton. New U-Pb data on the Obbnäs granite suggest an emplacement age of ~1640 Ma, whereas in the
Bodom pluton, two generations of zircon with different U-Pb ages are found, one defining an age of 1650
Ma and another yielding an age of ~1638 Ma. This age difference of ~10 Ma may give a rough estimate of
the time span required for the formation of a rapakivi melt in the lower crust and its emplacement at higher
crustal levels.
The northern Burro Mountains in southwestern New Mexico reveal two distinct, intimately juxtaposed
Mesoproterozoic magmatic suites represented by the granite plutons of Jack Creek and Redrock and the
associated mafic rocks. At ~1630 Ma, the newly formed Mazatzal crust was intruded by tholeiitic diabase
with a depleted-mantle –type Nd isotope composition but with enriched incompatible trace element
abundances. The potassic granite-minette suite of Jack Creek was emplaced ca. 1460 Ma, and was followed
at ~1225-1220 Ma by the tholeiitic A-type granite-anorthosite suite of Redrock. The Jack Creek granite
frequently displays a nice rapakivi texture, but is only marginally A-type with lower Fe/Mg, Ga/Al, Zr, and
REE, for instance, than in actual A-type granites. Minette is found as isolated enclaves, swarms of enclaves,
and synplutonic dikes within the granite, and evidence for intensive commingling with the granite host is
often present. The Jack Creek granite-minette suite bears similarities to the 1.8 Ga post-collisional, bimodal
intrusions with shoshonitic affinities found in southern Finland. The Redrock pluton is composed of
porphyritic hornblende- and hornblende-biotite granites and a later miarolitic biotite granite phase, which
show the chemical and mineral composition typical of A-type granites. About 50 anorthosite/leucogabbro
xenoliths are found scattered in the miarolitic biotite granite; they are excessively altered, but have chemical
composition similar to massif-type anorthosites. The diabase-minette-anorthosite sequence and the associated
silicic rocks record dominantly juvenile additions to the cratonic margin and imply subcontinental enrichment
events at ~1650 Ma (accretion), prior to 1460 Ma (potassic metasomatism), and at ~1220 Ma (magmatic
underplating); the latter two may have been controlled by a major transcurrent structure along the southern
margin of Laurentia.
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4INTRODUCTION
Mid-Proterozoic (1.8 – 1.0 Ga) A-type granite
magmatism of continental interiors has been at
the focus of active worldwide research for the
last two decades. These rocks, which presum-
ably represent the most voluminous intraplate
silicic magmatism on Earth, are often aligned in a
linear or semi-linear manner across Precambrian
cratons and are known from all continents (e.g.,
Bridgwater & Windley, 1973; Anderson, 1983;
Anderson & Morrison, 1992; Rämö & Haapala,
1995).
These mid-Proterozoic granites are charac-
teristically found as discordant, multiphase plu-
tons that show subaluminous (or aluminous) A-
type geochemical composition, are temporally
and spatially related to mafic rocks (bimodal
magmatic association), and often include rock
types with rapakivi texture (e.g., Anderson, 1983;
Haapala & Rämö, 1990; Emslie, 1991; Dall’Agnol
et al., 1994; King et al., 1997; Frost et al., 2001).
These plutons usually clearly postdate the lat-
est preceding orogenic episode in any one re-
gion and can thus be considered anorogenic in
character (cf. Condie, 1991; Rämö & Haapala,
1995; Rämö et al., 2002). The classic rapakivi gran-
ites of Finland, for instance, were emplaced ~250
to 400 m.y. after the formation of the ~1.9 Ga
Svecofennian crust (Haapala & Rämö, 1992).
Many of these plutons were emplaced in an ex-
tensional tectonic environment; this has been
clearly demonstrated for the Fennoscandian
rapakivi granites (e.g., Haapala & Rämö, 1992;
Korja & Heikkinen, 1995).
The petrogenesis of the mid-Proterozoic A-
type granites, one of the key issues in evolution
and internal fractionation of Precambrian ter-
ranes, has been ascribed to thermal perturba-
tions in the subcontinental mantle resulting in
magmatic under- and intraplating and subse-
quent anatexis of deep crust (e.g., Anderson,
1983; Haapala, 1988; Elo & Korja, 1993; Rämö &
Haapala, 1995). In this scenario, the mafic rocks
(gabbroids, anorthosite, basaltic dikes, and rare
basalt lavas) are believed to be derivatives of
the mantle melts that caused the anatexis, and
formation of the silicic magmas has been as-
cribed to dehydration melting of residual (granu-
litic) or fertile (yet relatively dry) lower crustal
domains (e.g., Collins et al., 1982; Christiansen
et al., 1983; Clemens et al., 1986; Creaser et al.,
1991) that consisted of metaigneous (dioritic to
granodioritic) sources (e.g., Anderson & Cull-
ers, 1978; Rämö, 1991; Andersson, 1997; Patiño
Douce, 1997; Dall’Agnol et al., 1999; Smith et al.,
1999). Some workers have also suggested mantle
input to be essential for the formation of these
granites, either by fractionation of mantle-de-
rived magmas or through mixing of mantle-de-
rived magmas with the anatectic melts (e.g., Barker
et al., 1975; Eklund et al., 1994; Shannon et al.,
1997; Smith et al., 1999).
A currently debated issue is the lithologic
character of the source(s) of the mid-Protero-
zoic anorogenic granites. The redox state of these
rocks ranges from reduced (Haapala & Rämö,
1990; Frost & Frost, 1997) to oxidized (Ander-
son & Bender, 1989; Dall’Agnol et al., 1999) sug-
gesting that their sources may have varied from
mafic, shortly (or directly) mantle derived (re-
duced) to more felsic (oxidized). Frost & Frost
(1997) noted that many of these plutons (includ-
ing the classic Finnish rapakivi granites) are re-
duced (low fO2 during crystallization) implying
that a major sedimentary component in them is
not feasible and that they rather reflect relatively
mafic (~basaltic) source compositions. In line
with this, Frost et al. (1999) concluded the 1.43
Ga Sherman batholith of Wyoming to have been
generated by anatexis of mafic (tholeiitic) lower
crust. More silicic sources have, however, been
suggested by many previous, or parallel, stud-
ies (e.g., Anderson & Cullers, 1978; Rämö, 1991;
Andersson, 1997; Smith et al., 1999) to explain
the high silica and potassium contents of these
plutons.
The papers included in this thesis partici-
pate in this discussion by presenting case stud-
ies from two prominent Precambrian crustal
units, Fennoscandia and Laurentia. The study
areas comprise two rapakivi granite plutons
(Bodom and Obbnäs) in southernmost Finland
(southestern Fennoscandia) and two granite plu-
tons (Redrock and Jack Creek) in the Redrock
area of northern Burro Mountains in southwest-
ern New Mexico (southern Laurentia); the gran-
ites of these four plutons are temporally and
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The thesis is based on the following five pa-
pers, which are referred to by their Roman nu-
meral notation:
I Kosunen P. (1999). The rapakivi
granite plutons of Bodom and
Obbnäs, southern Finland: petrogra-
phy and geochemistry. Bulletin of the
Geological Society of Finland 71:
275-304.
II Kosunen, P.J., Rämö, O.T. &
Vaasjoki M. Petrogenesis of the
Bodom and Obbnäs rapakivi plutons,
southern Finland: Reduced, alumi-
nous A-type granites from variable
sources. Journal of Petrology, in
review.
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geochemistry of Proterozoic granitic
and mafic rocks in the Redrock area,
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Paper I
Paper I focuses on the lithology, petrography
and overall whole-rock geochemistry of the
Bodom and Obbnäs plutons, which intrude the
~1850 Ma Svecofennian basement of southern-
most Finland. These relatively small (~5 by 15
km), ~1645 Ma granite plutons show the typical
petrographic and geochemical features of the
Proterozoic rapakivi granites in Finland and
elsewhere, and are the westernmost intrusions
of the classic Wiborg rapakivi granite area of
southeastern Finland.
The Bodom pluton, located about 15 km
northwest of Helsinki, is lithologically more vari-
able of the two comprising three varieties of por-
phyritic granites (hornblende-, hornblende-bi-
otite, and biotite-bearing) and an even-grained
granite with slight textural variation. The con-
tacts between the porphyritic granites, which
occupy the northeastern and central parts of
the pluton, are mostly gradational and difficult
spatially associated with assorted mafic rocks
forming a bimodal magmatic association. The
Bodom and Obbnäs plutons are the westernmost
intrusions of the classic Wiborg rapakivi area.
They are coeval, spatially closely related, and
were emplaced into the ~1.87 Ga Paleoproterozoic
bedrock of southern Finland ~1.64 Ga ago along
a major shear zone. They display important litho-
logic and compositional differences that allow
elaboration on source composition and, in gen-
eral, on issues relevant to the redox budget of
the mid-Proterozoic A-type granites. In the
Redrock area, the felsic and mafic rocks of the
Redrock and Jack Creek plutons record repeated
intrusions into the cratonic rocks of the central
Mazatzal province during the Mesoproterozoic.
In addition to the questions related to the petro-
genesis of A-type granites, they provide infor-
mation about the ongoing processes at the pre-
sumed craton margin and tectonic activity in
southern Laurentia during the Mesoproterozoic
time.
County, New Mexico; A progress
report. In: Lawton, T.F., McMillan,
N.J., McLemore, V.T., Austin, G., and
Barker, J.M. (Eds.) Southwest
Passage, A Trip through the Phan
erozoic. New Mexico Geological
Society Guidebook 51: 117-126.
IV McLemore, V. T., Dunbar, N.,
Kosunen P. J., Rämö, O. T., Heizler
M., & Haapala, I. (2003). Geology and
geochemistry of the Redrock granite
and anorthosite xenoliths (Protero-
zoic) in the northern Burro Moun-
tains, Grant County, New Mexico.
Bulletin of the Geological Society
of Finland 74: 7-52.
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6to pinpoint. The southwestern part of the plu-
ton is formed by the even-grained granite that
has a sharp, well-defined contact against the
porphyritic hornblende-biotite granite and prob-
ably represents a separate intrusive phase. The
porphyritic granites are red or reddish brown
and medium- to coarse-grained syenogranites.
They contain alkali-feldspar megacrysts, which
are up to 4 cm in diameter and occasionally
mantled by plagioclase. Ovoidal megacrysts and
drop quartz are common in the porphyritic horn-
blende granite. The even-grained granite is red,
medium-grained, and homogeneous, with grain
size of 2 to 5 mm. A weakly porphyritic texture in
found in places. Common accessory minerals
include fluorite, allanite, zircon, apatite, and iron-
titanium oxides.
The Obbnäs pluton is almost entirely com-
posed of porphyritic hornblende-biotite granite
that gradually becomes more mafic to the south-
west; the granite ranges from syeno- to
monzogranite. Magmatic microgranular enclaves
of intermediate composition are found in the
southern part of the pluton, and the southwest-
ern tip of the Obbnäs Peninsula –Obbnäsudden–
also contains hybrid granitoids. The porphy-
ritic hornblende-biotite granite is red to reddish-
brown and relatively coarse-grained with alkali-
feldspar megacrysts up to 5 cm in diameter; ovoi-
dal megacrysts and plagioclase mantles are more
frequent in the southern part of the pluton. The
hybrid rocks of Obbnäsudden comprise even-
grained granodiorite and two types of porphy-
ritic rocks, a sparsely porphyritic (granodiorite)
and a densely porphyritic (granite), which dis-
play well defined, but not cutting contacts
against each other. The densely porphyritic hy-
brid seems to grade into the actual Obbnäs gran-
ite. The porphyritic hybrid rocks contain, in ad-
dition to mostly ovoidal alkali feldspar
megacrysts, euhedral plagioclase crystals that
are coarser than the groundmass. Accessory
titanite, fluorite, allanite, zircon, apatite, and iron-
titanium oxides are present in the actual Obbnäs
granite and the densely porphyritic hybrid; in
the sparsely porphyritic and the even-grained
hybrids, fluorite is missing.
Sporadic magmatic foliation, visible as par-
allel orientation of the sub- to euhedral alkali
Paper II
Paper II deals with the petrogenesis of the
Bodom and Obbnäs plutons. It includes new U-
Pb age determinations, a full set of whole-rock
chemical data, mineral chemical data, and Nd-Sr-
Pb isotope data that were utilized to determine
conditions of crystallization for the two plutons,
constrain their possible sources, and present a
petrogenetic model able to explain the observed
feldspar megacrysts, is found in the marginal
areas of the Bodom pluton. Magmatic foliation
is more frequent in the Obbnäs pluton and near
the northwestern rim, adjacent to the Porkkala-
Mäntsälä shear zone, more intense foliation as
well as signs of brittle deformation are present.
The Bodom and Obbnäs granites show the
typical geochemical features of Proterozoic A-
type (rapakivi) granites in Finland and elsewhere.
They are metaluminous to weakly peraluminous
and with average A/CNK of 1.00 and 1.05, re-
spectively and have high FeOtot/(FeOtot+MgO)
that averages at 0.94 for the Bodom and 0.87 for
the Obbnäs granites. The granites of both plu-
tons have high Ga/Al (3.78 to 5.22 in Bodom and
2.46 to 4.18 in Obbnäs) as well as HFS element
(especially Zr, Nb, Ce, and Y) contents that clearly
define them as A-type. The REE contents are
high with LREE-enriched chondrite-normalized
patterns and moderate (Obbnäs) to relatively
strong (Bodom) negative Eu-anomalies. The
compositions of the porphyritic granites of
Bodom overlap, but a trend of increasing aver-
age SiO2 and decreasing average FeOtot, TiO2,
Al2O3, MgO, and P2O5 is observed in the se-
quence hornblende granite – hornblende-biotite
granite – biotite granite. The Obbnäs granite is
enriched in CaO, TiO2, MgO, and FeO, and de-
pleted in SiO2 and K2O compared to the Bodom
granites. Also, there are differences in the trace
element contents of the two plutons, most nota-
bly Ba, Rb, and Sr: the average Rb/Ba and Rb/Sr
of the Bodom granites are 0.44 and 3.14, while
the respective values for the Obbnäs granite are
considerably lower, 0.14 and 0.89. Given the high
amounts of Ba and Sr in the hybrid granitoids of
Obbnäs, mixing might provide an explanation to
the composition of the Obbnäs granite.
7differences between them. Two sets of diabase
dikes associated with the plutons are included
in the discussion.
The ~1.65 Ga, aluminous A-type rapakivi
plutons of Bodom and Obbnäs (southern Fin-
land) show geochemical (including isotopic) dif-
ferences indicative of different sources. The
Bodom pluton consists of a series of porphy-
ritic granites (hornblende, hornblende-biotite,
and biotite granite) and an even-grained biotite-
hornblende granite. The Obbnäs pluton is litho-
logically more monotonous with a dominating
porphyritic hornblende-biotite granite inter-
mingled with a minor even-grained granodiorite.
Two sets of diabase dikes crop out west of the
plutons in Kopparnäs (close to Obbnäs) and in
Vihti (close to Bodom). They strike WNW, are
up to 15 m wide, and correlate with the tholeiitic
diabase dikes associated with the southeastern
Finnish rapakivi intrusions.
The new U-Pb data on the Obbnäs granite
suggest an emplacement age of ~1640 Ma for
the pluton and support the previous results. Two
generations of zircon with different U-Pb ages
are found in the Bodom pluton: a dark brown
variety defining an age of 1650 Ma and a light
brown variety yielding an age of ~1638 Ma. This
age difference of ~10 Ma may give a rough esti-
mate of the time span required for the formation
of a rapakivi melt in the lower crust and its intru-
sion to higher crustal levels.
Mineral chemical data include analyses of
feldspars, mica, amphibole, and Fe-Ti oxides. The
rocks of both plutons contain iron-rich biotite
and amphibole typical of the rapakivi granites.
The Fe/(Fe+Mg) of the biotites from Bodom var-
ies from 0.86 to 0.98 while those from Obbnäs
have values ranging from 0.73 to 0.80; amphib-
oles, which are classified as hastingsite, show
values from 0.96 to 0.99 and 0.83 to 0.89, respec-
tively. Al-in-hornblende barometry suggests
pressures of  ~ 2.7 to 5.0 kbar for the two plu-
tons. Even though these values are similar to
the ones reported recently for the Wiborg
batholith, they are probably over-estimates due
to the high Fe/(Fe+Mg) of the amphiboles. Zir-
con saturation temperatures range from ~ 950 to
830 ºC for the two plutons; amphibole-plagio-
clase equilibria also records reasonable mag-
matic temperatures yielding values about 50-140
ºC lower than zircon saturation. Oxygen fugac-
ity estimates based on the compositions of the
mafic silicates (especially amphibole) suggest
the two plutons to have crystallized under low
fO2, Obbnäs under fO2 similar to that implied for
the Wiborg batholith and Bodom under even
more reducing conditions.
The two plutons have slightly different ini-
tial Nd isotope compositions indicating a slightly
older overall source for the Obbnäs pluton: in
the Bodom pluton, the average εNd (at 1640 Ma)
and TDM values are –0.8 and 2.02 Ga, respec-
tively, while the corresponding values for the
Obbnäs pluton are –1.7 and 2.07 Ga. The εNd
values of the associated diabase dikes are, on
average, slightly higher than those of the Bodom
and Obbnäs granites, and their TDM model ages
range from 2.02 to 2.10 Ga. The initial 87Sr/86Sr
ratios scatter widely, but it is possible that a
small difference exists between the plutons, with
Sri of 0.7040 for Bodom and 0.7047 for Obbnäs.
The Pb isotopic data also show considerable
scatter and indicate long-term Th/U of ~4 for the
granites of both plutons.
Quantitative modeling suggests that partial
melts from a ferro(monzo)dioritic and a tonalitic
source contributed to the Obbnäs pluton, to-
gether with a mafic melt similar in composition
to the Vihti diabases. The partial melts might
separately have been mixing with the mafic ma-
terial producing the even-grained granodiorite
and the porphyritic granite, which then inter-
mingled during intrusion, or the mixture of the
ferrodiorite partial melt and mafic melt could have
interacted with the tonalite partial melt to pro-
duce the granite. The geochemical features of
the porphyritic granites of Bodom are best re-
produced by partial melting of a more alkali feld-
spar –rich, possibly granodioritic, source.
Paper III
Paper III introduces the lithology and petrology
of the Proterozoic igneous rocks in the Redrock
area, northern Burro Mountains, southwestern
New Mexico. It also reports 40Ar/39Ar geo-
chronological data as well as preliminary
geochemical and Nd isotopic results.
8The Redrock area comprises a complex Pro-
terozoic terrain consisting of metamorphic rocks
(Bullard Peak and Ash Creek series, 1550-1570
Ma) intruded by assorted granitic and mafic
rocks. These are:
(1) ~1445 Ma (U/Pb; Hedlund, 1980) Burro
Mountains granite, which is exposed south of
the actual study area, is a pinkish-gray, medium-
grained, in places foliated biotite granite. It is
calc-alkaline, metaluminous to peraluminous, and
probably consists of more than one pluton as
indicated by its variable geochemical composi-
tion.
(2) ~1380 Ma (U/Pb; Hedlund, 1980)
gneissic granite/granodiorite is gray, medium-
to coarse-grained, in places porphyritic biotite-
hornblende granite/granodiorite that is typically
foliated. It is exposed in the eastern part of the
study area, where it is occasionally found in
contact with Jack Creek rapakivi granite. The
gneissic granite is calc-alkaline and metalumi-
nous, and has lower SiO2 and higher TiO2, CaO,
MnO, Ba, and V than the other three granites.
(3) Jack Creek rapakivi granite is pink-
gray to red-orange, medium- to coarse-grained
and characterized by large alkali feldspar phe-
nocrysts occasionally mantled by plagioclase
(rapakivi texture). This granite is the major rock
type in the eastern part of the study area and is
exposed from Lydian Peak eastward to the
Schoolhouse Mountain fault. The Jack Creek
rapakivi granite is calc-alkaline, weakly peralu-
minous, high-K granite with marginal A-type
granite geochemical characteristics. It differs
from the classic Proterozoic rapakivi granites of
Finland in having lower Fe/Mg, Ga/Al, Zr, and
HREE, for example. 40Ar/39Ar gives ages of ~1220
Ma and 1200 Ma for the Jack Creek rapakivi gran-
ite, but field relations suggest it to be older than
the Redrock granite.
(4) Minette is found in isolated enclaves,
swarms of enclaves, and synplutonic dikes
within the Jack creek rapakivi granite. The ma-
jority of the minette swarms and synplutonic
dikes are found along Gila Middle Box. The
minette is dark gray, fine- to medium-grained,
and porphyritic with dark mica and, probably,
altered pyroxene phenocrysts. The minette of-
ten shows evidence for intensive commingling
with the rapakivi granite, and pillows of hybrid
material are common on the edges of synplutonic
dikes and within swarms of enclaves. 40Ar/39Ar
age for the minette is ~1420 Ma, Sm/Nd isoch-
ron yields an age of ~1135 Ma.
(5) Redrock granite forms the western part
of the study area extending from Smith Canyon
southeastward to Ash Creek. It consists of four
phases, which are texturally and mineralogically
distinct, but have similar geochemical composi-
tions and are interpreted to be a single, zoned
pluton. Hornblende granite is orange to red-
brown, coarse-grained and often slightly foli-
ated. East of Ash Creek, the hornblende granite
is in contact with the Jack Creek rapakivi granite
and appears to be chilled against it. Biotite-horn-
blende granite, which is the dominant phase of
the Redrock granite, is orange to red-brown,
medium- to coarse-grained, and grades into the
hornblende granite. Miarolitic biotite granite
is orange-pink, fine- to medium-grained, and char-
acterized by nearly circular miarolitic cavities up
to 15 cm in diameter. This phase has sharp or, in
places, brecciated contacts against the horn-
blende granite and it is interpreted to be a later
(younger) phase in the upper part of the pluton.
Alkali-feldspar granite is found as small lenses
and dikes within the miarolitic biotite granite,
from which it differs by a lighter color (white to
light pinkish-gray), fewer miarolitic cavities, and
absence of biotite. The contacts are gradational,
and this phase is most likely a differentiate of
the miarolitic biotite granite. All phases of the
Redrock granite are calc-alkaline, metaluminous
to peraluminous, and show geochemical char-
acteristics of A-type granites. Sm/Nd isochron
age for the Redrock granite is ~1328 Ma; 40Ar/
39Ar gives ages of ~1210 Ma and 1205 Ma for
the hornblende granite phase.
(6) About 50 anorthosite/leucogabbro
xenoliths are found in a northeast-trending zone
within the miarolitic biotite granite phase of the
Redrock granite. These bodies are up to 270 m
long and 30 m wide and commonly brecciated
by diabase/gabbro and the miarolitic granite. The
anorthosites are heterogeneous, tan to white-
gray and black, fine to coarse-grained, and con-
tain white patches of leucogabbro. Though of-
ten heavily altered, the Redrock anorthosites are
9Paper IV
Paper IV concentrates on the Redrock granite
and spatially associated anorthosites in the
northern Burro Mountains, southwestern New
Mexico, and discusses in detail their lithology
and petrography as well as mineral, whole-rock,
and isotope geochemistry.
A rare spatial association of A-type granites
and anorthosites is found in the Redrock area in
the northwestern Burro Mountains. The oldest
rocks in the area are the metamorphic Bullard
similar in chemistry to other anorthosites world-
wide. The ages for the anorthosite xenoliths are
~1220 Ma and 1230 Ma (40Ar/39Ar) and ~1326
Ma (Sm-Nd isochron).
(7) Diabase/gabbro/diorite dikes and
small stocks are black to dark gray and fine- to
medium-grained. These mafic rocks show local
foliation, and they have intruded all of the gra-
nitic and metamorphic rocks. It is likely that there
has been two or more periods of mafic magmatism
in the area.
(8) Several kinds of felsic dikes intrude the
main granites: the Redrock, Jack Creek rapakivi,
and Burro Mountains granites are intruded by
fine-grained biotite and K-feldspar granite
dikes, and rhyodacite/dacite porphyry dikes are
found intruding the Redrock granite. Dikes of
the former group occasionally cut the latter. The
contacts of these dikes are sharp and locally
chilled along the margins, indicating them to be
younger than the main granites of the area. An
40Ar/39Ar age of ~1210 Ma exists from one of the
fine-grained biotite granite dikes.
The available age data (40Ar/39Ar, Sm/Nd iso-
chron) may reflect later thermal events rather
than actual crystallization. The clustering of 40Ar/
39Ar age dates around 1200 Ma suggests that a
heating event or uplift took place at that time.
Geochemical and isotopic data indicate that the
Redrock granite, Jack Creek rapakivi granite, and
Burro Mountains granite were derived from (at
least slightly) different sources. These were
clearly more juvenile than the metamorphic rocks
of the region and may have included a signifi-
cant Middle Proterozoic mafic lower crust/sub-
continental lithospheric mantle component.
Peak and Ash Creek metamorphic rocks that com-
prise a variety of quartzo-feldspathic gneisses
and schists, biotite and hornblende schists,
amphibolite, phyllite, quartzite, and serpentine-
carbonate rocks. The interlayered units of these
metaigneous and metasedimentary rocks are dis-
rupted by the intrusion of the Redrock granite,
and they locally show signs of contact meta-
morphism adjacent to the granite. The Redrock
granite is divided into four phases that are tex-
turally and mineralogically distinct, but have
chemical compositions that imply them to be
genetically related. The bulk of the granite is
formed by hornblende and hornblende biotite
granites that are rather similar in appearance and
grade into each other. These granites are orange
to reddish brown and medium- to coarse-grained,
and consist of plagioclase, alkali feldspar, quartz,
hornblende, and biotite (none to trace amounts
in the hornblende granite); accessory minerals
include zircon, titanite, ilmenite, and apatite. The
third phase, miarolitic biotite granite, is found in
the southeastern part of the pluton, where it is
in contact with the hornblende granite. The con-
tacts are sharp and, on occasion, brecciated in-
dicating the miarolitic biotite granite to be a
younger phase. This orange to pink, fine- to
medium-grained granite is characterized by cir-
cular to elliptical miarolitic cavities up to 15 cm
in diameter, and consists of plagioclase, alkali
feldspar, quartz, biotite, muscovite, and trace
amounts of hornblende, zircon, titanite, magne-
tite, ilmenite, monazite, andradite garnet, fluo-
rite, and apatite. Locally, the miarolitic biotite
granite is pervasively altered to epidote, quartz,
and chlorite; aggregates of epidote, quartz, he-
matite, and chlorite are also found within
miarolitic cavities. This magmatic-hydrothermal
alteration is interpreted to result from degassing
of the underlying pluton. Within the miarolitic
biotite granite, small lenses of white to light pink-
ish-gray, fine-grained alkali feldspar granite are
found. This phase contains alkali-feldspar,
quartz, and varying amounts of plagioclase. The
contacts with the miarolitic biotite granite are
gradational, and the alkali-feldspar granite is
most likely a differentiate of the former. About
50 anorthosite/leucogabbro xenoliths are scat-
tered throughout a northeast-trending zone
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within the miarolitic biotite granite phase of the
Redrock granite. The largest of these bodies is
270 m long and 30 m wide. The anorthosites are
heterogeneous, altered, and commonly brecci-
ated by diabase/gabbro and the miarolitic gran-
ite. They are tan to white-gray and black, fine to
coarse-grained, and composed of unzoned,
highly altered plagioclase (up to 50 cm long)
with hornblende or pyroxene, chlorite, biotite,
relict magnetite-ilmenite, and rare titanite, apa-
tite, pyrite, olivine, and zircon. The Redrock an-
orthosites are best classified as massif-type,
though it is made difficult by extensive alter-
ation due to hydrothermal influence of the
Redrock granite.
Mineral chemical data were acquired on feld-
spars, amphiboles, and micas from the horn-
blende, biotite-hornblende, and miarolitic biotite
granite phases, and on feldspars and amphib-
oles from the anorthosites. The Redrock granite
phases all contain potassic alkali-feldspar (or-
thoclase) and sodic plagioclase (albite to oligo-
clase). The feldspars in the anorthosite samples
appear to preserve no igneous textures, and their
compositions do not, thus, represent original
igneous ones. The least altered plagioclase is
labradorite. Amphiboles from the hornblende
and biotite-hornblende granites (ferro-actinolite
to hastingsitic hornblende) are rich in iron, with
Fe/(Fe+Mg) ranging from 0.7 to 1.0. Amphiboles
from one of the anorthosites define a wide com-
positional field, especially with respect to Fe and
Mg, which is interpreted as a secondary, alter-
ation-related effect. Biotites of the hornblende
and biotite-hornblende granites are iron-rich
annites with Fe/(Fe+Mg) of 0.7 to 1.0. The com-
position of micas in the miarolitic biotite granite
varies widely. Some of the muscovites may be
near primary, whereas others clearly result from
secondary alteration. The magmatic muscovites
contain significant TiO2 (near 0.5 wt.%), while
the hydrothermal ones contain nearly none.
    The Redrock granite is metaluminous to
peraluminous, marginally alkaline to subalkaline,
and exhibits the geochemical features of A-type
granites. The four phases are similar in bulk
geochemical composition, which implies a
comagmatic relationship. The granites increase
in SiO2, U, Th, and Rb, and decrease in TiO2,
total Fe, MnO, CaO, P2O5, Zr, Y, and Ba in the
sequence hornblende granite – biotite-horn-
blende granite – miarolitic biotite granite. The
hornblende and biotite-hornblende phases show
the high Fe/Mg of A-type granites; in the
miarolitic granite the ratio is lower and more vari-
able. The Redrock granite has average Rb/Ba of
1.6, Rb/Sr of 7.6, F of 871 ppm, and shows dis-
tinctive A-type characteristics in the Ga/Al-dis-
crimination diagrams. Chondrite-normalized REE
patterns are relatively flat, slightly LREE-en-
riched, save for the alkali-feldspar granite, which
is slightly enriched in HREE. The negative Eu-
anomaly becomes more pronounced from the
hornblende granite to the alkali-feldspar gran-
ite, consistent with a typical magmatic evolu-
tionary sequence.
 The four Redrock granite phases fall on a
Sm-Nd isochron with an age of ~1330 Ma and
initial εNd of +2.7. This isochron age is some-
what higher than that indicated by 40Ar/39Ar and
preliminary U/Pb; recalculated at 1220 Ma, the
initial εNd range from +1.3 to 2.2; the TDM are be-
tween 1494 and 1666 Ma. In the Sm-Nd isochron
diagram, the anorthosite samples plot roughly
along the Redrock granite isochron, and their
initial εNd (at 1220 Ma) and TDM range from +1.5
to +2.2 and 1543 to 1636 Ma, suggesting that the
anorthosites could represent a magmatic sys-
tem that was roughly coeval with the Redrock
granite. The initial 87Sr/86Sr ratios of the indi-
vidual granite samples are less than 0.7 at 1220
Ma, and suggest that the Rb-Sr systematics have
been disturbed since the crystallization of the
granite. The initial 87Sr/86Sr of the least radio-
genic anorthosite sample is 0.70449 at 1220 Ma
and may represent the initial ratio of the an-
orthosites. The Nd isotopic composition of the
metamorphic rocks is very different from that of
the granites and anorthosites (εNd of –3 to-4 at
1220 Ma) showing that the granites could not
have been derived from a crustal source with
this Nd isotopic composition, but required a more
juvenile protolith. This could have been a lower
crust domain formed from the ~1650 Ma crust
by hybridisation caused by mafic underplating
slightly prior to the generation of the Redrock
granite and anorthosites.
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Paper V
Paper V presents U-Pb age data on the major
mafic and felsic rocks in the Redrock area,
northern Burro Mountains, southwestern New
Mexico, and discusses their implications on the
tectonic evolution of southern Laurentia.
 The Precambrian bedrock of the Redrock
area, west and east of Gila Middle Box in the
northern Burro Mountains, comprises three
closely spaced igneous suites: a large diabase
dike/sill, the Jack Creek granite - minette suite,
and the Redrock granite - anorthosite suite. The
subcircular ~40 km2 Redrock pluton in the west-
ern part of the area is composed of coarse-
grained hornblende granite, medium- to coarse-
grained biotite-hornblende granite, and fine- to
medium-grained miarolitic biotite granite. About
50 xenoliths of coarse anorthosite/leucogabbro
up to 30 m wide by 270 long are found within the
miarolitic granite. The granites are A-type, and
the anorthosite xenoliths are similar to Protero-
zoic massif-type anorthosites. The eastern part
of the area exposes the Jack Creek pluton, which
is composed of homogeneous, medium to coarse-
grained biotite granite with alkali-feldspar
megacrysts occasionally mantled by plagioclase
(rapakivi texture). This granite is transitional be-
tween A- and I-type and contains numerous
synplutonic dikes and enclaves of minette. The
dikes can be up to 30 m wide and several hun-
dred meters long, and are typically mingled with
the granite forming swarms of enclaves. In the
central part of the area, intruded into metamor-
phic rocks of presumed Mazatzal age that nearly
separate the two granite plutons, a relatively
large, medium-grained, tholeiitic diabase dike/
sill is found.
U-Pb age determinations on zircon yield 1633
Ma as the crystallization age of the diabase. Zir-
cons from the Jack Creek granite and minette
give upper-intercept ages of 1461 and 1465 Ma,
respectively, and the age of the pluton is con-
sidered to be ~1460 Ma. The Redrock pluton is
about 200 m.y. younger: the anorthosite xeno-
liths are dated at 1225 Ma, and the crystalliza-
tion age of the granite is 1220 Ma. Thus, the
northern Burro Mountains show three principal
ages of Proterozoic magmatism, each with a dis-
tinct magmatic assemblage.
  The Nd isotope composition yields TDM
ages of 1930-1760 Ma to the metamorphic rocks
of the area; these ages are older than those pre-
viously reported from central Mazatzal province,
and suggest the presence or recycling of sig-
nificantly older Paleoproterozoic crust. Shortly
after accretion, the central Mazatzal province
underwent extension that led to the emplace-
ment of the diabase dike/sill at 1633 Ma. The
diabase may have been derived from subconti-
nental lithosphere stabilized in the accretion pro-
cess. The sub-Mazatzal mantle underwent po-
tassic metasomatism prior to 1460 Ma, as indi-
cated by the enrichment of K, LREE, and other
incompatible elements in the minettes; the gran-
ites of the bimodal Jack Creek suite probably
represent partial melting of the newly formed
lower crust. A subsequent episode of bimodal
magmatism took place at 1225-1220 Ma, as evi-
denced by the A-type granite – anorthosite suite
of Redrock. Compared to the Jack Creek suite,
Nd isotopes point to a slightly younger ances-
try for the anorthosites/ leucogabbros of
Redrock, which display an island-arc tholeiite
affinity. It is therefore likely that an astheno-
spheric input to the Mazatzal lithosphere took
place between 1460 and 1225 Ma, leading, even-
tually, to fusion of juvenile lower crust and em-
placement of the Redrock pluton.
The minettes of the Jack Creek pluton were
probably formed in a continental rift zone asso-
ciated with metasomatized mantle and resultant
alkali- and carbonate-rich magmatism, and an ex-
tensional regime is favored also for the juvenile,
bimodal Redrock pluton. The two plutons are
on a proposed transcurrent zone, thought to
have extended along the southern margin of
Laurentia from western Texas to southeastern
California ca. 1250-1080 Ma (Bickford et al., 2000),
and could have been formed by extension and
mantle upwelling associated with such a zone;
the 1460 Ma Jack Creek pluton could indicate
the zone to have already been active in the early
Mesoproterozoic.
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DISCUSSION
Comparisons
Several similarities between the two study areas
are evident. Both comprise two relatively small
(~40 to 60 km2) granite plutons that postdate the
surrounding Paleoproterozoic bedrock by at
least 100 m.y. On both locations, one of the
plutons shows clear A-type geochemical
characteristics similar, for example, to those of
the classic rapakivi granites of southwestern
Finland, whereas the other more or less differs
from these. The ‘clearly A-type’ plutons – Bodom
in Finland and Redrock in New Mexico – are
multi-phase intrusions that contain a series of
granites reflecting fractionation of a parent melt,
and a more evolved phase that intruded
somewhat later. Although these plutons are part
of a bimodal magmatic association implied by
the (presumably) coeval diabases and an-
orthosites, they do not show direct evidence of
magma mingling or mixing. The other two
plutons, Obbnäs and Jack Creek, are composed
of only one type of granite, and are mingled
locally with more mafic material.
In aluminum saturation diagrams, the gran-
ites of the Bodom pluton straddle the metalumi-
nous/peraluminous –boundary, as do the Red-
rock granites. The latter show, however, a wider
range in their A/CNK –values (Fig. 1a). Both the
Obbnäs and the Jack Creek granites are slightly
peraluminous. The granites from New Mexico
are, on average, higher in silica than the Finnish
ones, even though the SiO2 contents vary quite
a bit within each pluton; the Redrock granites
show the widest range of variation, also in other
major elements (Fig. 1). Although different from
each other, the Bodom and Obbnäs granites have
the high Fe/Mg typical of A-type granites (aver-
age FeOtot/(FeOtot+MgO) of 0.94 and 0.87, respec-
tively) and show ‘anorogenic’ affinity (Fig. 1b).
The iron content and FeOtot/(FeOtot+MgO) of the
Redrock granites vary strongly, the latter from
0.35 to 0.98 (average 0.84). The Jack Creek plu-
ton is clearly different from the other three: the
average FeOtot/(FeOtot+MgO) is as low as 0.63,
mostly because of the high MgO content of the
granite, and five out of six samples are clearly
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Fig. 1. The Bodom, Obbnäs, Redrock, and Jack Creek
granites plotted in (a) A/CNK vs. SiO2, (b) FeOtot/
(FeOtot+MgO) vs. SiO2, and (c) K2O/Na2O vs. SiO2 varia-
tion diagrams. The fields in (b) are from Maniar and
Piccoli (1989): RR - rift related, GEU - continental
epeirogenic uplift, PO - post-orogenic, IA - island arc,
CA - continental arc, and CCG - continental collision
granitoids. Data for post-collisional granites from Eklund
et al. (1998).
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‘orogenic’ in character (Fig. 1b; Table 6 in Paper
IV; unpublished data on Jack Creek granite).
Bodom and Obbnäs granites are also more po-
tassic, on average, than the granites of Redrock
and Jack Creek (Fig 1c).
In addition to the Fe/Mg, a clear difference
exists in the Rb, Sr, and Ba contents of the two
Finnish plutons, with the Obbnäs granite being
richer in Ba and Sr, and poorer in Rb than the
granites of Bodom, on average (Fig. 2a). The
Redrock granites resemble those of Bodom in
that they are relatively low in Sr and high in Rb;
the Rb content of some samples is even higher
than that of the Bodom granites. The Jack Creek
granite has similar average content of Ba than
the Obbnäs granite, but differs from all the other
ones by its higher Sr (Fig. 2a). The characteris-
tics of the four plutons are nicely shown in the
Ga/Al- and major vs. trace element –discrimina-
tion diagrams (Figs. 2b and c). Bodom, with its
high Ga/Al and high contents of HFS elements,
is clearly A-type. So is Obbnäs, although not so
strongly: in the Ga/Al –diagrams especially, it
tends towards the field of S-, M-, and I-type
granites (Fig. 2b). Redrock shows quite a lot of
variation, but can be clearly labelled as A-type
despite the samples that cluster rather close to
the field of ‘other’ granites. Jack Creek is only
marginally A-type plotting partially into the field
of S-, M-, and I-type granites or their fraction-
ates (Figs. 2b and c).
Spidergrams showing average contents of
selected LIL and HFS elements in the different
granite types of the four plutons are shown in
Fig. 3. Respective rock types of the similar plu-
tons (Bodom/Redrock, Obbnäs/Jack Creek) are
plotted as pairs to better display the possible
differences and similarities. The granites of
Bodom and Redrock are, on average, enriched
in LIL and HFS elements compared to the aver-
age continental crust, Bodom more strongly than
Red-rock. Exceptions to this are Sr, P, and Ti,
which are depleted in all granite types of these
two plutons, as are the transition metals Ni and
Cr. In addition to these, the hornblende and bi-
otite –bearing granites of both plutons show
small negative anomalies in Ba and Nb (Fig. 3b);
the Ba-depletion increases in the more evolved
granites (Figs. 3c and d). Overall, the spidergrams
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Fig. 2. The Bodom, Obbnäs, Redrock, and Jack Creek
granites plotted in (a) Rb-Sr-Ba, (b) Nb vs. 10000xGa/
Al, and (c) (K2O+Na2O)/CaO vs. Zr+Nb+Ce+Y varia-
tion diagrams. The fields for the S-, M-, and I-type
granites in diagrams (b) and (c) are from Whalen et al.
(1987). Data for post-collisional granites from Eklund
et al. (1998).
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for the different granite types of Bodom resemble
each other and those of the Redrock granites.
The alkali-feldspar granite of Redrock shows
LREE and Nb deviating from the others (lower
LREE, high Nb; Fig. 3d), probably due to its highly
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Fig. 3. Average contents of selected LIL and HFS elements and transition metals in the different granite types of
the Bodom, Obbnäs, Redrock, and Jack Creek plutons. Values normalized to average continental crust (Weaver and
Tarney, 1984)
evolved nature. The trace element contents of
the Obbnäs and, especially, Jack Creek granite
are closer to those of the average continental
crust (Fig. 3e). The overall shape of the Obbnäs
spidergram is similar to those of Bodom and
15
Redrock, the depletions in Sr, P, and Ti are not,
however, as pronounced. In the Jack Creek gran-
ite, the HFS element contents are relatively close
to the average continental crust, enriched or
depleted only by a factor of two. Ni and Cr are
also less depleted than in the granites of the
other plutons.
Trace element concentration of an igneous
rock can be thought of as a reflection of its source
and the processes that affected its formation,
and spidergrams have been successfully utilized
in depicting basalt chemistry and constraining
possible sources for them. Even though felsic
plutonic rocks are far more complex, it can be
presumed that granites with similar spidergrams
can have similar genetic histories. Quantitative
modeling suggests that the Bodom granites were
formed by partial melting of a relatively felsic
(granodioritic) crustal source, whereas the
source for the Obbnäs pluton was more mafic
(ferrodioritic to tonalitic) and further modified
by interaction with mafic melt (Paper II Discus-
sion). The similarity of the Bodom and Redrock
spidergrams implies that the source of the gran-
ites of the latter pluton might also have been
relatively felsic, and that mafic melts did not have
any significant (direct) influence in their forma-
tion. The composition of the Jack Creek granite,
on the other hand, was probably somewhat modi-
fied by mafic (minette) melt, and/or the source
for it was quite mafic.
A post-collisional connection?
Eklund et al. (1998) described a series of small
1.8 Ga post-collisional, bimodal intrusions in
southern Finland and Russian Karelia (Fig. 4).
The rocks of these intrusions range from
ultramafic, calc-alkaline potassium lamprophyres
to peraluminous high-BaSr granites, and show a
shoshonitic affinity with K2O + Na2O > 5%, K2O/
Na2O > 0.5, and Al2O3 > 9% over a wide spectrum
of SiO2. The mafic rocks of the series are enriched
in P, F, Ba, Sr, and LREE, with depletions noted
for HFS elements Ti, Nb, and Ta (also in the
felsic rocks). Eklund et al. (1998) proposed
enriched (metasomatized) lithospheric mantle
with little or no crustal input as the source for
the post-collisional intrusions, and further
suggested that the influx of enriched lithospheric
mantle material into the crust continued as late
as ~1615 Ma ago (Eklund and Shebanov, 2003).
The Obbnäs granite resembles these post-
collisional, ‘shoshonitic’ granites, especially in
having the high Ba and Sr (see Figs. 1 and 2),
and it is not completely impossible that the
pluton might have tapped a source enriched in
these elements by the shoshonitic event. The
mafic rocks associated with the Obbnäs granite
are, however, tholeiitic instead of calc-alkaline.
The features seen in the post-collisional
intrusions are also observed in the minette-
granite association of Jack Creek. The minettes
do not show the extreme trace element
enrichment reported by Eklund et al. (1998) for
the mafic rocks of the association in Russian
Karelia. They are, nevertheless, clearly more
enriched (up to 1.7 wt.% P2O5, 7600 ppm F, 3720
ppm Ba, 540 ppm Sr, 283 ppm La, and 630 ppm
Ce) than the other mafic rocks in the Redrock
area, and the Jack Creek pluton can, perhaps, be
likened to the less enriched post-collisional
intrusions of southwestern Finland, where the
metasomatizing fluid was poorer in CO2 and F.
Colliding continents and ripping crust:
On tectonics
The rapakivi granites of southern Finland and
adjacent Russia are found along a roughly E-W
trending belt extending from the eastern side of
Lake Ladoga, Russia, to the Åland archipelago
in southwestern Finland (Fig. 4a). Tectonic
events that preceded the rapakivi event include
(1) accretion of the early Proterozoic arc complex
of western Finland (AWF) to the Archaean craton
in the east (syn-orogenic stage at 1.89-1.86 Ga);
(2) a second collision from the south (the arc
complex of southern Finland, ASF) against the
previously accreted complex leading to tectonic
thickening of the crust, remelting, and formation
of the S-type granites of southern Finland (late-
orogenic stage at 1.84-1.80 Ga); (3) intrusion of
small, post-collisional, 1.8 Ga granite-monzonite-
lamprophyre plutons of southern Finland,
probably preceded by mantle metasomatism and
enrichment in the region some 40-50 m.y. after
the peak of the regional metamorphism (post-
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orogenic stage at 1.81-1.77 Ga) (e.g., Eklund et
al., 1998; Haapala & Rämö, 1992; Nironen, 1997,
2003). The rapakivi granites and associated mafic
rocks intruded 120-230 m.y. later in extensional
tectonic regime. This is rather convincingly
demonstrated by the extensive, subparallel
swarms of tholeiitic diabase dikes associated
with the rapakivi granites (e.g., Haapala & Rämö,
1992), as well as by recent deep seismic
soundings that have shown the rapakivi granites
and the dike swarms to inhabit a relatively thin
crust (Luosto, 1991; Korja, 1991). Seismic studies
also indicate the existence of a mafic underplate
and a body of anorthosite and gabbro below the
~10 km thick Wiborg batholith (Korja, 1991).
Similar ‘stages’ are found in southern
Laurentia, and are recorded in the bedrock of
the Redrock area. Three Proterozoic crustal prov-
inces, Mojave, Yavapai, and Mazatzal (Fig. 4b)
amalgamated onto the Archaean craton in the
north at 1.8-1.65 Ga (e.g., Condie, 1992). The lower
crust/lithospheric mantle was subsequently
metasomatized and, at 1.46 Ga, remelted in a pre-
sumably extensional tectonic environment, lead-
ing to intrusion of a bimodal granite-minette as-
sociation (Jack Creek). This high-K (‘shosho-
nitic’) intrusion was then followed by the A-
type Redrock pluton about 220 m.y. later. Com-
pared to southern Finland, the enrichment of
the lower crust/lithospheric mantle appears,
however, to have been of relatively local nature,
as other ~1.46 Ga granitic intrusions of south-
western United States are typically A-type (e.g.,
Van Schmus et al., 1996); in addition to Jack Creek,
only the 1.41 Ga Mountain Pass carbonate-sy-
enite-shonkinite intrusion in southeastern Cali-
fornia (cf. Calzia & Rämö, 2000) shows potassic
affinity.
It is generally accepted that continental col-
lisions lead to over-thickening and destabiliza-
tion of the lithosphere, which will, eventually,
try to return to normal thickness by uplift and
erosion (powered by isostatic rebound) and/or
by delamination of the lithospheric mantle and
orogenic collapse (e.g., England, 1993; Dewey,
1998; Marotta et al., 1998) These processes can
initiate lithospheric extension and crustal melt-
ing, which, in turn, can lead to mafic underplating
and extension-related magmatism. But is this the
process generating the A-type granites, and
what is the role of the high-K (‘shoshonitic’)
magmatism? Is it just a coincidence that these
rocks are found in similar ‘positions’ preceding
the A-type granites both in southern Finland
and in the Redrock area?
Marotta et al. (1998) modeled the thermo-
mechanical evolution of the lithosphere under a
convergence regime and reported four major
stages that characterize mantle unrooting
(delamination sensu lato): orogenic growth,
gravitational instability and mantle breakup,
sinking of the detached root, and relaxation of
the system. The gravitational instability starts
when the lithosphere has reached a thickness
about twice its initial value (about 50 Ma from
the onset of the collision) and culminates in the
breakup of the lithospheric root (around 80 Ma).
During the sinking of the detached root (from 80
to 100 Ma), isostatic rebound produces uplift of
the crust associated with the replacement of
lithospheric mantle by hotter asthenosphere.
This, together with cessation of convergence
(after 80 Ma), produces a change in the stress
regime from compression to extension (after 110
Ma). The time span between commencement of
the orogeny and mantle unrooting depends
mostly on the rheology and, to lesser extent, on
convergent velocity and width of the deforma-
tion zone (Marotta et al. assumed viscous rheol-
ogy and low convergence rates to derive the
time frame given above).
In southern Finland and adjacent Russia, the
‘shoshonitic’ post-collisional plutons form a NE-
SW zone relatively close to the boundary be-
tween two major Proterozoic crustal provinces
(the arc complexes of western and southern Fin-
land) and, in the east, the Archaean craton; they
also seem to lie close to the northern edge of the
belt of the lateorogenic S-type granites of south-
ern Finland (Fig. 4a). The lithospheric mantle in
this area was, perhaps, rather extensively af-
fected by subduction-related metasomatism dur-
ing the collision of these crustal blocks. If the
assumption is made that lithospheric unrooting
took place, the 1.83 Ga lateorogenic S-type gran-
ites could actually represent crustal melting that
took place during the sinking of the detached
root and upwelling of the asthenosphere; the
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post-collisional ‘shoshonitic’ intrusions were
then intruded 30 m.y. later, after cessation of the
collision in an (incipient) extensional stress re-
gime, and tapped the remnants of the enriched
lithospheric mantle. How long did the extension
continue? Was it still going on at 1.65 Ga, or was
there a plume that reactivated it at that time? In
the plume scenario, the asthenospheric material
replacing the detached root could have formed
a new lithospheric mantle/lower crust, which
acted as a source for the rapakivi melts caused
by plume induced extension and melting (this is
in agreement with the ferrodioritic source sug-
gested for the Obbnäs pluton, see Paper II).
However, direct evidence of a mantle plume un-
der Fennoscandia around the time of rapakivi
magmatism is sparse: a possible plume signa-
ture is detected in the rapakivi related diabase
dikes of Kopparnäs (cf. Paper II).
In southern Laurentia, high-K (‘shosho-
nitic’) magmatism preceding A-type granites
seems to be much more rare than in southern
Finland. The two known occurrences, the Jack
Creek granite-minette association in New Mexico
and the Mountain Pass carbonate-syenite-
shonkinite intrusion in southeastern California,
intruded about 190 m.y. after the end of the col-
lision. Both of these intrusions are located close
to a major transcurrent zone proposed by
Bickford et al. (2000) to have extended along the
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southern margin of Laurentia from western Texas
to southestern California (Fig. 4b). It may be that
this major crustal structure controlled the local
potassic metasomatism that affected the lithos-
pheric mantle sometime between ~1.63 and 1.46
Ga (at least in the Redrock area). It may also
have provided the mechanism for repeated ex-
tension, mantle upwelling, and melting, regis-
tered by the two granite plutons and the associ-
ated mafic rocks of Redrock.
Concluding remarks
- Compositional (including isotopic) dif-
ferences between the ~1640 Ma aluminous A-
type granite plutons of Bodom and Obbnäs,
southern Finland, imply derivation from differ-
ent sources: a relatively mafic (ferrodioritic to
tonalitic) crustal source is needed for the Obbnäs
pluton, whereas the Bodom pluton requires a
more felsic (granodioritic) source. In addition,
the composition of the Obbnäs pluton was prob-
ably influenced by interaction with a mafic melt.
- Two distinct, intimately juxtaposed
magmatic suites are found in the northern Burro
Mountains, southwestern New Mexico: the
~1460 Ma potassic granite-minette suite of Jack
Creek and the ~1220 Ma tholeiitic A-type gran-
ite-anorthosite suite of Redrock. These, together
with a ~1630 Ma tholeiitic diabase, record domi-
nantly juvenile additions to the cratonic margin
of southern Laurentia and imply subcontinental
enrichment events and repeated mantle melting
in an extensional (or possibly transtensional)
environment.
- A set of diabase dikes associated with
the Bodom and Obbnäs granites  (the dikes at
Kopparnäs) may represent a magma type that
compositionally approaches ocean island
basalts. This would support a mantle plume as a
driving mechanism for the extension and crustal
melting associated with the rapakivi magmatism
in southeastern Fennoscandia.
- Overall, the studied suites of southern
Fennoscandia and Laurentia show that the mid-
Proterozoic anorogenic bimodal granite
magmatism so characteristic of this era can be
petrologically outstandingly variable.
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